In the framework of chiral model(s) based on the linear realization of chiral symmetry, we investigate the low-energy phenomenological properties of the nucleon and its chiral partner (identified with either N (1535) or N (1650)) in the naive assignment and compare the results with the ones obtained in the mirror assignment. We find that, within the naive assignment, we are not able to reproduce the experimental value of the isospin-odd scattering length, while the mirror assignment is in good agreement with it for both choices N (1535) and N (1650). The isospin-even scattering length is not yet conclusive in either assignment because it depends crucially on the poorly known scalar mesonic sector. The decay with Γ N(1535)→Nη turns out to be far too small in both the naive and mirror assignments, while Γ N(1650)→Nη is described correctly by both of them. In conclusions, the mirror assignment with N (1650) as the chiral partner of the nucleon is the favored configuration.
Introduction
The question of the mass generation of particles is crucial in modern high energy physics. The standard model predicts the existence of a scalar boson, the Higgs particle, which is capable of giving mass to the fundamental particles by the spontaneous breaking of the electroweak symmetry. Now, what about the mass of composite objects like the baryons, most notably the nucleon? The sum of the mass of the three quarks that form a nucleon is not equal to the mass of the baryon, but is much smaller (< 5%). Where does the dominant contribution to the nucleon mass come from? In this work we want to shed some light on this question. We focus on two mechanisms in which we can introduce the nucleon and its chiral partner, denoted as N and N * respectively, by testing the consequences in each case. The field N * is usually identified with the resonance N (1535), but N (1650) is also a viable candidate [1] . We study both scenarios in this work. One way to introduce the chiral partner of the nucleon is via the naive assignment [2, 3, 4] . In this assignment the mass of the nucleon (and that of its chiral partner) is generated only through spontaneous chiral symmetry breaking, since a mass term would not be chirally invariant. (We neglect here the small contribution of the nonzero bare quark masses.) The introduction of an explicit mass term, which should occur in a chirally invariant way, is only possible within the mirror assignment . The mirror assignment was analyzed for the first time in Ref. [2] and there dismissed as unusable, as it led to the unphysical conclusion that the coupling between nucleons and pions vanishes. This problem was solved later by introducing all terms allowed by chiral symmetry. The interest in the mirror assignment has been revitalized by the work in Ref. [5] , after which it has been investigated in a variety of works studying the phenomenology of baryons in the vacuum and at nonzero density [6, 7, 8, 9, 10, 11, 12, 13, 14] . It is still an open question which is the correct assignment in nature. To this end, both assignments should be investigated and validated by experimental data such as the axial coupling constants, the decays N * → N π and N * → N η, and the N π scattering lengths: this is the aim of the present work. Namely, while in our previous study of Ref. [8] we concentrated, in the framework of the socalled extended Linear Sigma Model (eLSM), on the mirror assignment only, here we construct for the first time the eLSM version also for the naive assignment. The eLSM contains, besides the usual (pseudo)scalar mesons, also (axial-)vector degrees of freedom; their presence changes substantially the properties of baryon phenomenology both in the naive and mirror assignments allowing for a correct description of the axial coupling constants of N and N * . Moreover, in the naive assignment, the absence of (axial-)vector states implies a complete decoupling of the fields N and N * [6] , thus also implying the (unphysical) vanishing of the decay N * → N π. The introduction of (axial-)vector d.o.f. implies a residual N * N π coupling, thus making also the naive assignment realistic. However, we shall find that, even in this more complete treatment, the naive assignment is not capable to reproduce the isospin-odd pion-nucleon scattering length. We thus arrive at the conclusion that the mirror assignment is favoured to be the correct way to incorporate baryons in (linear) chiral models. It should be stressed that our approach is not designed to reach the accuracy that chiral perturbation theory delivers in the description of pion-nucleon scattering. Namely, the latter approach is tailormade to study the interaction of nucleons with the quasi-Goldstone bosons of low-energy QCD, the pions, in a systematic framework, see e.g. Refs. [15, 16] and refs. therein. However, our linear chiral approach has the advantage to incorporate from the very beginning massive resonances (i.e., the chiral partners), and is thus suited to study their decays, as shown in Ref. [8] in the baryonic sector and in Refs. [17, 18] in the mesonic sector. As a consequence of the chiral invariance of the Lagrangian, the low-energy theorems are fulfilled. Moreover, our approach can be easily implemented at nonzero temperature and density to investigate the chiral phase transition within hadronic matter [10, 19] . In this context the use of the correct assignment is mandatory, because it strongly affects the behavior of physical quantities in a dense and hot medium. This paper is organized as follows: in section 2 the Lagrangians of both assignments are studied, in section 3 the results are shown and finally in section 4 conclusions and outlooks are presented. Our units are = c = 1, the metric tensor is g µν = diag(+, −, −, −).
Mirror and naive assignments
In this section we present the baryonic part of the eLSM in the mirror and naive assignments, respectively. We concentrate to the two-flavour case, N f = 2. The scalar and pseudoscalar fields are included in the matrix
where t = τ /2, with the vector of Pauli matrices τ , and
The vector and axial-vector fields are contained in the matrices
From these fields, we define the right-and left-handed vector fields as
The identification of mesons with particles listed in Ref. [1] is as follows: the fields π and η N correspond to the pion and the SU (2) counterpart of the η meson, η N ≡ (uu + dd)/ √ 2, with a mass of about 700 MeV. This value can be obtained by unmixing the physical η and η ′ mesons, which also contain ss contributions. The fields ω µ and ρ µ represent the vector mesons ω(782) and ρ(770), and the fields f µ 1 and a 1 µ represent the axial-vector mesons f 1 (1285) and a 1 (1260), respectively.
The identification of the σ and a 0 fields is controversial, the possible pairs are {f 0 (500), a 0 (980)} and {f 0 (1370), a 0 (1450)}, the latter one being in agreement with the phenomenology, see Refs. [17, 18] in which the mesonic part of the Lagrangian is presented in depth. Some conclusions are however essential for the following studies of the baryonic part as well: the chiral condensate σ 0 = 0 |σ| 0 = Zf π emerges upon spontaneous chiral symmetry breaking in the mesonic sector. The parameter f π = 92.2 MeV is the pion decay constant and Z = 1.81 is the wave-function renormalization constant of the pseudoscalar fields (see the determination of Z in Sec. 3). Turning to the baryon sector, we have the baryon doublets Ψ 1 and Ψ 2 , where Ψ 1 has positive parity and Ψ 2 negative parity. The physical fields N and N * are related to the spinors Ψ 1 and Ψ 2 through:
The quantity δ parametrizes the mixing between Ψ 1 and Ψ 2 : for δ → ∞ the mixing of the fields disappears, implying Ψ 1 = N and Ψ 2 = N * ; for δ = 0 the mixing is maximal. The fundamental difference between the mirror assignment and the naive assignment is the transformation of these baryon doublets under the chiral group U (2) R × U (2) L , which we discuss in the following.
Mirror assignment
The nucleons N and N * belong to the same multiplet and thus are true chiral partners [6, 20] . In this assignment the left-handed and the right-handed parts of Ψ 1 and
i.e. Ψ 2 transforms in a "mirror way" under chiral transformation. These field transformations allow to write down a baryonic Lagrangian with a chirally invariant mass term for the fermions, which is parametrized by m 0 . The full Lagrangian of the eLSM (for N f = 2) in the baryonic sector reads [8] :
where
µ are the covariant derivatives for the nucleonic fields, with the dimensionless coupling constants c 1 and c 2 . The interaction of the baryonic fields with the scalar and pseudoscalar mesons is parametrized by the dimensionless coupling constants g 1 and g 2 . The last term in Eq. (5)
is the chirally invariant mass term for the baryons. The masses of the nucleon and its chiral partner are obtained by diagonalizing the corresponding mass matrix in the Lagrangian:
The parameter δ entering in Eqs. (3) reads:
From these expressions it is evident that the baryonic masses are generated by chiral symmetry breaking trough the appearance of the chiral condensate σ 0 and by the mass parameter m 0 . In particular, the chiral condensate originates a splitting of the masses in the chirally broken phase. In the limit σ 0 → 0 both masses become degenerate, but do not vanish: m N = m N * = m 0 = 0 (see Fig. 1 , where the masses are plotted as function of σ 0 ). The numerical value of m 0 is determined through a fit procedure, see Sec. 3 and Ref. [8] for details. In the case N * ≡ N (1535) one obtains m 0 ≃ 500 MeV, while for N * ≡ N (1650) one obtains a even larger value m 0 ≃ 700 MeV. These results mean that m 0 is sizable and is therefore an important component of the baryonic masses. These values are larger than the one originally found in the pioneering work of Ref. [5] , in which m 0 ≃ 200 MeV was found.
The expressions for the axial coupling constants of the nucleon and its chiral partner are given by [8] :
A e −δ , g
A e −δ + g
where the parameter g 1 = 6.1 describes the interaction of (axial-)vector mesons with (pseudo)scalar mesons [17] . It is evident that, due to the presence of the parameter c 1 and c 2 which arise from the interaction terms of the baryons with (axial-)vector degrees of freedom, the axial-coupling constant g [21] ). This shows that the inclusion of the (axial-)vector states is important for the correct description of the phenomenology, see the results in the next section.
Note, the Lagrangian of Eq. (5) is invariant under chiral transformation. This means that in the present version of the model the explicit breaking of chiral symmetry is confined to the mesonic sector, in which the pions acquire a small but nonzero mass. Indeed, it would not be difficult to include an explicit symmetry breaking mass term also in the baryonic sector, but in view of the purposes of this work and in order to keep the number of parameters as small as possible, we leave this task for the future. In particular, such an explicit symmetry breaking will be unavoidable when the three-flavor version of the model will be studied. However, it is important to stress that even if no explicit symmetry breaking term in the baryonic Lagrangian is present the so-called pion-nucleon sigma term σ πN (see for instance Refs. [4, 22, 23, 24] and refs. therein), does not vanish [3] . In fact, this term, which describes the contribution to the nucleon mass which arises from the explicit symmetry breaking, acquires a nonzero (and quite sizable) contribution from the explicit symmetry breaking encoded in the chiral condensate σ 0 . The numerical results for σ πN are discussed in the next session.
Naive assignment
In this assignment both the left-handed and the right-handed part of the states Ψ 1 and Ψ 2 behave in the same way under chiral transformation: By introducing the chiral partner in this way, a nucleon mass term ∼ m NΨ Ψ is not allowed because it explicitly breaks chiral symmetry. The Lagrangian in the naive assignment reads:
Note that, indeed, some terms not permitted in the mirror assignment turn out to be chirally invariant in the naive case. They are parametrized by the coupling constants c 12 and g 12 . The spinors Ψ 1 and Ψ 2 are replaced by the physical fields as dictated by eq. (3), where now the mixing parameter δ is given by:
There are however crucial differences between the term proportional to g 12 in Eq. (12) w.r.t. the term proportional to m 0 in the mirror case, Eq. (5). First, the parameter g 12 is dimensionless, while m 0 has dimension of energy. Second, the g 12 -term involves the same interactions as the terms proportional to g 1 and g 2 and therefore can be completely eliminated by a suitable field transformation. (Such an operation is not possible in the mirror case, where the elimination of the mixing for the quadratic mass terms does not imply an elimination of the effects of the mixing in the interaction terms). Then, in the naive assignment, by expressing the Lagrangian in terms of the physical fields N and N * , we obtain the following form in which only terms which couple the nucleon, its chiral partner and the pion are included:
The coupling constants with "tilde" are combinations of the original couplings, g 1 , g 2 , g 12 , c 1 , c 2 , c 12 and δ, reducing in this way the number of parameters from six to five (see Appendix B):
The masses of N and N * can be easily obtained from Eq. (14) (see Fig.  1 for a plot as function of σ 0 ):
In terms of N and N * there are no interactions of the type N iγ 5 π · τ N * . Therefore the coupling between the nucleon, its chiral partner and the pion takes the simple form N * γ 5 γ µ ∂ µ π · τ N + h.c., which stems solely from the shift of the axial-vector meson a 1 → a 1 + Zw∂ µ π, which guarantees the disappearance of non-diagonal terms in the mesonic sector of the theory [17, 18, 25] . Explicitly, the parameter w reads:
where m a1 = 1230 MeV is the mass and the already introduced parameter g 1 = 6.1 describes the interaction of (axial-)vector mesons with (pseudo)scalar ones. As a consequence, the quantity w takes the numerical value w = 67 · 10
In a scenario in which (axial-)vector mesons decouple, the parameter g 1 vanishes, and so does the parameter w in Eq. (16) . Therefore the nucleon and its chiral partner decouple completely [6] and decay processes such as N * → N π are not be possible [6] . Thus, the naive assignment without (axial-)vector mesons is explicitly unphysical and can be immediately discarded, because the decay rate N * → N π has been measured to be nonzero for both candidates N (1535) and N (1650). With the inclusion of (axial-)vector d.o.f. this evident drawback is eliminated but, as we shall show, the isospin-odd scattering length turns out to be anyhow poorly described in the naive assignment.
The axial coupling constants of the nucleon and its chiral partner are given by:
where w is given by Eq. (16). It is also here visible that the axial coupling constant g
is not limited by unity due to the interaction with (axial-)vector states. Moreover, just as in the mirror case, the Lagrangian (12) does not include terms with explicit breaking of chiral symmetry, but the pion-nucleon sigma term σ πN does not vanish, see Sec. 3.2 for a numerical evaluation.
Results

Mirror assignment
We first review the case in which N * is identified with the resonance N (1535). We perform a fit of the four parameters m 0 , c 1 , c 2 , and Z by using the following five experimental and lattice quantities: (i) The axial-coupling constant of the nucleon: g Γ a1→ρπ = (425 ± 175) MeV. This value is obtained by using the range 250-600 MeV quoted by [1] , under the assumption that this decay channel is dominant. This is in well agreement with the detailed experimental analysis of Ref. [27] and with the recent phenomenological study of the nonet of axialvector mesons in Ref. [28] . The results read (χ 
With this value of m 0 , the parameters g 1 and g 2 are: g 1 = 10.2 ± 0.7 , g 2 = 17.3 ± 0.8. Notice that the performed fit is similar but not equal to the one of Ref. [8] : the inclusion of point (v) was not present in the fit of that work. As a consequence, the present values are slightly different from the ones of Ref. [8] , but it turns out that the overall phenomenology does not change much (for instance, m 0 was determined to be 460 ± 136 MeV). The biggest change is the increased (and less uncertain) value of the parameter Z, which is now in good agreement with the tree-flavor determination of Ref. [18] .
Having determined the parameters, it is possible to calculate the isospin-odd scattering length:
which is in very well agreement with the experimental value a (−) 0,exp = (6.4 ± 0.1) · 10 −4 measured at the Paul Scherrer Institute (PSI, Switzerland) with pionic hydrogen and deuterium X-ray experiments [29] . It is also interesting to compare our result with the one presented in Ref. [16] , where the calculation of pion-nucleon scattering lengths was performed by using chiral perturbation theory (ChPT) including isospin-violating corrections: a depends on the mass of the scalar-isoscalar σ. The σ-meson cannot be assigned unambiguously to a specific scalar listed in [1] , see Refs. [17, 18, 30, 31] and refs. therein. Therefore, the isoscalar scattering length is plotted in Fig. 2 (left panel) for values of m σ varying between 400 and 1300 MeV. An agreement with the experimental (or even ChPT) band is possible for values of m σ smaller than 500 MeV. While such a low mass is not favoured by recent studies on light scalar states (the assignment σ ≡ f 0 (1370) is the favored one), the result shows that a low-scalar field, identified by the resonance f 0 (500) and interpreted as a tetraquark or a molecular state [30, 31] , is needed. Although not present here, it can be easily coupled to the model, see Ref. [8, 10] 
The corresponding values of g 1 and g 2 are: g 1 = 9.1 ± 1.1 , g 2 = 17.6 ± 1.2. The result for the isospin-odd scattering length is similar to the previous scenario:
which is in well agreement with the experimental as well as the ChPT values quoted above. (Also in this case, the theoretical error is sizably smaller than in Ref. [8] , where we had a We summarize the situation of the mirror assignment in Table 1 and Fig. 2 ; all the relevant experimental values are in Table 2 .
As a last step, we turn to the discussion of the pion-nucleon sigma term, which in the present model with no explicit breaking term in the baryonic sector takes the form
where σ 0,CL is the value of the chiral condensate in the chiral limit. Thus, σ πN represents the mass contribution which arises from the explicit symmetry breaking. Using the numerical values of Ref. [18] we obtain σ 0,CL = 164 MeV, out of which
This value is slightly smaller than the recent lattice value σ πN = 37 ± 8 ± 6 [22] and the theoretical evaluation based on the CHAOS data σ πN = 44 ± 12 [23] . A somewhat larger value σ πN = 59 ± 7 MeV has been found by using chiral perturbation in Ref. [24] . It is then clear that our value, although smaller then what is found in other approaches, is non-negligible and shows that the explicit symmetry breaking encoded in the chiral condensate has an important effect on this quantity. The 'missing part' of σ πN could be easily accounted by including a standard mass-term for the nucleon fields. This step will also be crucial (together with the proper inclusion of all light scalar fields, see conclusions) for a more accurate determination of the isospin-even scattering length a
0 . In fact, chiral perturbation theory shows that the quantities σ πN and g A directly enter in the lowest order expression of a (+) 0 and that the corresponding terms have the opposite sign, see e.g. Ref. [32] . This is not the case for the isospin-odd scattering length, which in lowest-order chiral perturbation theory depends only on the nucleon mass, the pion mass, and the pion decay constant: a
. This value is however about 15% too small when compared to the experimental result. In the framework of ChPT the gap is filled by NLO corrections [32] , while in our approach the presence of additional mesonic and baryonic resonances allows to obtain the correct result. (The correspondence between the two approaches can be formally obtained by integrating out heavier resonances in our eLSM. When the latter are infinitely heavy, one obtains ChPT in lowest order). In the future, one could try to combine both scenarios by including also the positive-parity Roper state N (1440) and studying a four-state mixing problem [8] . Another interesting possible source of an enhancement of the decay of N (1535) into N η is the inclusion of terms involving the chiral anomaly in the baryonic sector. Namely, our Lagrangian (5) respects the U (1) A symmetry (the breaking of it is confined to the mesonic sector). However, in order to limit the free parameters of the model, a detailed study of the effect of the anomaly in the baryonic sector can be undertaken only when baryons with strangeness are included and thus much more experimental constraints can be put on the model.
Naive assignment
For N * ≡ N (1535) as the chiral partner of the nucleon, we determine the four free parametersc 1 ,c 2 , c 12 , and Z by performing the very same fit done in the mirror assignment, leading to the following results (χ 2 min = 0.64):
The parameters˜ g 1 and˜ g 2 are given by the masses of the nucleons and σ 0 = 167 MeV through eq. (15):˜ g 1 = 5.6 ± 0.6 ,˜ g 2 = 9.2 ± 1.0. The result for the isospin-odd scattering length is (see Appendix A for the analytical expression ):
This value is not in agreement with experimental result a [29] . Namely, it is off by several standard deviations from the experimental value. This mismatch is an evident drawback of the naive assignment. (Namely, in this case the influence of the heavier resonances does not improve, but worsens the results of the lowest-order ChPT.) Also in the naive assignment, the isospin-even scattering length a is plotted as function of m σ in Fig. 2 , left panel. We observe that the value of a (+) 0 reaches the experimental band for m σ = 1000-1300 MeV. At first sight this result seems even in better agreement with the experiment than the mirror assignment, because the favoured mass of σ is approximately 1.3 GeV [17] . However, care is needed: As mentioned above, in the present approach the lightest scalar state f 0 (500) is not present (in either assignment), although the latter resonance is known to couple strongly to nucleons, see also the discussions in Refs. [10, 33] and in the conclusions. Therefore, at the present stage an agreement with data is actually misleading. We now turn to the decay N * → N η, for which we obtain the result
which is considerably smaller than the experimental value Γ If we choose N * ≡ N (1650) as the parity partner of the nucleon in the naive assignment, we get very small modifications of the scattering lengths (see Table 2 for the isospin-odd one, Fig. 2 (right panel) for the isospin-even one), but the decay width Γ exp N * →N η = 15 ± 3 MeV agrees with the experimental value just as in the mirror assignment. We summarize the situation of the naive assignment in Table 3 and Fig. 2 . Note, in Fig. 2 only one curve for a 
Discussions and conclusions
In this paper we have investigated the nucleon and its chiral partner, identified with either N (1535) or N (1650), within the extended Linear Sigma Model [8, 17, 18] . The novel ingredient is that the chiral partner was incorporated in the naive assignment in presence of (axial-)vector degrees of freedom. The results were compared to the ones obtained in [8] , where the chiral partner was coupled in the mirror assignment. Two fundamental differences between the two assignments have played an important role in this work:
• In the naive assignment, the mass generation takes place only through the spontaneous breakdown of chiral symmetry. On the contrary, in the mirror assignment the mass term
is allowed, and the mass of the nucleon is generated by this term and by the mechanism of chiral symmetry breaking. The quantity L m0 is the only term in the baryonic sector of the eLSM Lagrangian which does not fulfill dilatation invariance. In order to achieve this in a chirally invariant way, which is one of the basic principle toward the construction of the eLSM [17, 18] , one can modify L m0 by including an interaction of the nucleon with a dilaton/glueball field G and a tetraquark field χ (see Refs. [30, 31] and refs. therein for a phenomenological discussion):
The mass term m 0 is then generated when shifting these fields by their vacuum expectation values, χ → χ 0 and G → G 0 :
This fact shows an important point: even if the scalar-isoscalar field σ (i.e., the chiral partner of the pion) is identified with the heavy resonance f 0 (1370), as current results show [17, 18, 30, 31] , in the mirror assignment it is possible to write down a chirally invariant interaction which couples the nucleon to the lightest scalar-isoscalar light meson f 0 (500), which can be identified with a tetraquark field χ (or, similarly, to a pion-pion molecular state [30, 31] : the difference between these two configurations is not important here). Moreover, one can couple the nucleon also to the glueball field (to be identified predominantly with f 0 (1500) or with f 0 (1710)). These additional interactions are not possible in the naive assignment without breaking chiral symmetry. This is a clear theoretical advantage of the mirror assignment w.r.t. the naive assignment. These properties are also important for the study of the model at non-zero density: in Ref. [10] it has been shown that a light tetraquark field χ ≡ f 0 (500) allows for a correct description of nuclear matter saturation and compressibility.
• In the naive assignment the interaction between N and N * is solely given by the derivative coupling to the pion, which in turn is possible only due to the inclusion of the (axial-)vector mesons in the model. Without (axial-)vector mesons the decay N * → N π or the formation of a resonance N * in πN scattering does not take place. In the mirror assignment we do not have such restrictions. Even without (axial-)vector mesons the decay N * → N π does not vanish since terms of the form N iγ 5 π · τ N * are present.
In the mirror assignment, the theoretical value of the isospin-odd scattering length a
is in very well agreement with experimentally measured and the ChPT results (see Tables 1 and 2 ). This is not the case in the naive assignment (Table 3) , in which the theoretical result a (−) 0 is clearly too small. The isospin-even scattering is not yet conclusive (see Fig. 2 ): one has to go beyond the present treatment by including both resonances f 0 (500) and f 0 (1370) in the study of the scattering lengths, see also Refs. [10, 33] . The decay into N η turns out to bee too small for N (1535) in any assignment, whereas for N (1650) it agrees with the experimental data, thus favouring the latter as the chiral partner of the nucleon. Summarizing, our outcome is the following: the mirror assignment with the resonance N (1650) as the chiral partner of the nucleon seems to be the favoured situation. Future studies on baryons are necessary to confirm that the mirror assignment is the correct way to incorporate the nucleon and its chiral partner. In the vacuum, an important future work is the description in a unique framework of the four baryonic resonances N (940), N (1440), N (1535), and N (1650) [8] . In this enlarged scenario it will be possible to test further the mirror and the naive assignments (and eventually a combination of them). Important hints come also from studies at nonzero density [10, 13] , where it is shown that the mirror assignment is able to describe nuclear matter at nonzero density; the results do not depend on the mass of the chiral partner (and thus on the choice of N (1535) or N (1650)), but depend strongly on the value of m 0 . Namely, only for m 0 500 MeV the nuclear matter compressibility can be correctly described [10] . The range m 0 500 MeV is compatible with N (1535), for which we have m 0 = 459 ± 117 MeV, but also (and even better) with N (1650), for which m 0 = 659 ± 146 MeV. The need of a sizable m 0 was also corroborated in the recent study of Ref. [34] , in which the emergence of an inhomogenous chiral condensate was studied: it was shown that a value of m 0 500 MeV is necessary to have an homogeneous liquid nuclear matter ground state. In this paper we have also evaluated the pion-nucleon sigma term, which turns out to be about 15 MeV in the mirror case and about 18 MeV in the naive one. Both values are smaller than the results present in the literature. This is due to the fact that in our approach no explicit symmetry breaking is considered in the baryonic part of the Lagrangian(s) and the pion-nucleon sigma terms arise solely from the explicit breaking present in the chiral condensate. The result represents anyhow a sizable contribution to the pion-nucleon sigma term. The missing piece can be included by adding an explicit breaking mass term for the baryons. This is an important outlook, which is also necessary for a better description of the isospin-even scattering length. Considering that the calculation of scattering lengths and decays was carried at tree-level, an interesting outlook is the inclusion of mesonic loops. However, many resonances are present in the model, which are exchanged in scattering processes (as, for instance, the (axial-)vector mesons); their contribution is automatically taken into account at tree-level without the need of resummations. Moreover, the ratio of the decay width to the mass of the N * resonance (in both scenarios) is small, implying that the evaluation of loops, while surely valuable, is not expected to change the qualitative picture that we have presented [35] . In future studies one should also incorporate the ∆ resonance [36, 37] and extend the present model to N f = 3 also in the baryonic sector. 
A Low-energy phenomenology
In this appendix we present the formulae for the isospin-even and isospin-odd s-wave scattering lengths, for the axial coupling constant of the nucleon and its chiral partner, and for the decay widths Γ N * →N π and Γ N * →N η . It should be stressed that the results presented here are based on a tree-level calculation. The isospin-even scattering length takes the form: .
The isospin-odd scattering length is given by: 
We have verified that the scattering lengths vanish in the chiral limit, m π → 0, as required by the low-energy theorems of QCD. The expression for the decay width N * → N π is:
where the momentum of the pseudoscalar particle is given by
and where the energies are E π = k 2 π + m 2 π and E N = k 2 π + m 2 N . Note, Γ N * →N π vanishes in the limit in which the (axial-)vector meson decouple, g 1 = 0 → w = 0. 
where k η and E η are the momentum and the energy of the η-meson. The factor cos 2 φ comes from the fact that the flavour wave function of the η-meson is given by η = η N cos φ + η S sin φ ,
with η N ≡ (uu + dd)/ √ 2 and η S ≡ ss. Hence, the decay amplitude A N * →N η should be written as:
